Abstract. This paper presents a method to study the vertical dynamic characteristics of a heavy-haul locomotive in curve. A quasi-static analysis model based on the static force equilibrium relationship is established to investigate the load bearing characteristics of suspension system when the locomotive runs through the curve. Then a locomotivetrack coupled dynamics model is used to analyse the dynamic characteristics of wheel load in curves. Finally, a field test in curve is carried out to validate the simulated results. The theoretical analysis results indicate that due to the different twist shapes of track on the entry and exit transition curves, for some specific position in the suspension system or wheel arrangements, the corresponding vertical load along the curve length presents an asymmetry about the section of circular curve. The asymmetry is predominantly caused by the Superelevation Angle Differences (SADs) between car body, bogie frames and wheelsets. A distinct phenomenon is that the outer wheel-rail vertical load of the first axle increases when the locomotive enters the transition curve and then reduces when it exits. These results are expected to provide theoretical guidance to the design of the heavy-haul railways. It is suggested that the asymmetric characteristics of the wheel loads can be improved by some measures, such as adopting a low vertical stiffness in the secondary suspension and increasing the transition curve length.
Introduction
Suspension system is one of the important components in a locomotive, which enables the improvement in the riding quality, the reduction of the impact on the wheelrail contact surface, and enhancement of the traction performance and so on. Locomotive motion postures will change accordingly to accommodate the line conditions, especially on a curved track under the action of the centrifugal force. The asymmetric load bearing in the suspension system may be caused easily, leading to the wheel load difference between the inner wheel and the outer wheel. It is a potential threat to the running safety of locomotives. In order to ensure the curving performance of vehicles, the circular curve and tangent track are generally connected with a transition curve where both the curve radius and superelevation vary continuously. The track plane presents a typical distorted shape in the sections of transition curves. With a larger variation gradient of the superelevation and curvature, the track plane twists more seriously, which has an important influence on the operation safety of railway vehicles (Gu 2007) . The running safety problems of vehicles caused by the track twist have long been focused on. Wilson et al. (2011) introduced the assessment methods of railway vehicle running safety, including the simulation approach and field experimental technique. Some railway standards such as GM/RT 2141:2000, AS/RISSB 7509. 1:2009 and BS EN 14363:2005 , provide the track twist conditions, experimental methods and calculation methods to determine the vehicle's adaptability to the railway lines. However, there are still no relevant standards proposed aiming at the track twist phenomenon in China. The dynamic influence of the track twist on the vehicles in transition curves has not deserved concern.
As is known, a large number of studies on the dynamic performance of vehicles passing through the transition curve have been performed worldwide, which mainly focus on two aspects. One is to investigate the influences of vehicle structural parameters on vehicle system dynamics. Polach et al. (2006) evaluated vehicle-curving behaviour by computer simulation and put forward some techniques to improve the wheelset steering ability. Sinokrot et al. (2008) used a velocity transformation method to analyse the vehicle motions and wheel-rail forces in curves. Suarez et al. (2013) assessed the influence of the elastic properties of rail vehicle suspensions on its dynamic performance, and pointed out that the primary longitudinal stiffness was the most sensitive parameter. Another aspect is to investigate the effects of the line type and relevant parameter settings in transition curves on the evaluation indices of the vehicle dynamics. Eom and Lee (2010) analysed the influence of transition curve length on the curving performance of a diesel locomotive negotiating a curve with radius of 1200 m, which indicated that its length affected the wheel load reduction slightly. Based on the comparisons of the vehicle system dynamic responses for different transition curves, Long et al. (2010) and Zhang et al. (2010) gave some suggestions to the railway curve design. For the conventional railway lines, Gailienė (2012) analysed the calculation defects of curve superelevation. It is explained clearly that more precise methods for calculating superelevation, evaluating actual train speed and considering permissible uncompensated lateral acceleration in the curves should be found. Um et al. (2011) developed a method to optimize the alignment of horizontal curves in case of the superimposition of horizontal curve and vertical curve. Lipičnik (1998) discussed the functions of transition curves from aspects of safety, comfort and economic driving. Miyagaki et al. (2004) studied the effect of transition forms on the vehicle responses, and proposed a new transition curve which was applied on an existing curve. Most research has focused on improving the vehicle curving performance by analysing the effects of vehicle conditions, transition forms and curve geometrical parameters. However, for a heavy-haul locomotive passing through the entry and exit transition region in a small radius curve, few studies have been carried out on dynamic wheel load characteristics.
As the standard of BS EN 14363:2005 shows, the track twist conditions will lead to wheel load reduction. The typical twist track exists in the sections of entry and exit transition curves. Under the track twist conditions on transition curves, the outer wheel loads will not always increase. The wheel load reduction may deteriorate the running safety. Especially for the leading wheelset of a six-axle locomotive on curves, the lateral wheel-rail dynamic interaction of the outer wheel is generally more severe so that a reduction of wheel load may result in an increase of the derailment coefficient. It is a potential threat to the locomotive running safety. In order to have a good knowledge about the influence of transition curves on dynamic wheel loads, both of the detailed varying characteristics of vertical loads in suspension system and wheel-rail contact interface are investigated in this paper. The basic force analysis of a six-axle locomotive running on a curved track is analysed in Section 1, which is followed by Sections 2 and 3 concerning the investigation on the vertical static and dynamic characteristics of the suspension system and the wheel loads. Then, a field test in a curve is implemented to verify the theoretical analysis results in Section 4. Finally, conclusions are given out.
Calculation of Suspension Forces for a Six-Axle Locomotive on Curve
In order to reduce or balance the inertial centrifugal force acting on the vehicle in curves, the superelevation is designed between the outer and inner rails. The gradual changing features of the transition curve are reflected in the variations of superelevation and curve radius. The typical twisted plane of the curved track is shown in Fig. 1 denote the body frames of the car body, bogie frame and wheelset, which are fixed at their gravity centers, respectively. The three body frames follow the motions of their respective corresponding bodies. θ c , θ t1 and θ t2 are the superelevation angles of rails at the locations of the mass centers of the car body, the front bogie and the rear bogie. Generally, if the running velocity is not equal to the equilibrium speed for a certain superelevation, the outer and inner wheel loads of a wheelset will vary conversely (increase or reduce). Variations of the wheel loads are closely related with the line geometric features.
The dynamic wheel loads are dependent on the load transfer behaviours in the locomotive-track system. Significantly, the analysis of relative displacements in the suspension elements is the essential prerequisite to accurately solve the load distributions and transfer relationship. For the locomotive affected by the twisted track plane in curves, there are complex transformation relations between the body reference frames.
For the locomotive running on a transition curve, the suspension positions of the car body and bogie in the secondary suspension are denoted by { } cp r , { } tp r , as shown in Fig. 2 . The distance between the mass centers of the car body and the front bogie consists of three displacement components, namely the b (longitudinal), c (lateral) and d (vertical). α is the included angle between x axis of the car body frame and x axis of the bogie body frame. According to Slivsgaard (1995) and Wang, Zhai (2003) , the displacements of the secondary suspension points with respect to their respective inertial system are given by:
where: Choosing the body frame of car body as the basic reference frame, the secondary suspension forces are calculated. Taking the front bogie as an example, the transform relation from the bogie body frame to car body coordinates are expressed as:
The relative displacement at the secondary suspension point of the front bogie can be determined as:
where: D sxL1 , D syL1 , D szL1 are the components of { } Ds in the longitudinal, lateral and vertical directions.
The Superelevation Angle Difference (SAD) between the locations corresponding to the wheelset and bogie frame mass center is defined as Dθ wj , and that between the bogie frame and car body mass centers is defined as Dθ ti , which can be calculated as:
where: the subscript i (i=1, 2) represents the front and rear bogie frame, respectively; the symbol j (j=1…6) represents the wheelset number (for i=1; j=1, 2, 3 and for i=2; j=4, 5, 6). By simplifying the relative displacements, the outside and inside lateral relative displace-
at the secondary suspension of front and rear bogies are expressed by:
( )
and the vertical relative displacements are:
where: L, R represent the outer and inner suspension; the upper sign of both ± and ± are selected for the outer suspension, and the lower sign for the inner suspension; z c , y c denote the vertical and lateral displacements of the car body; β c , ψ c , f c represent the angles around x , y and z coordinate axis of the car body; z ti , y ti are the vertical and lateral displacements of the bogie frame and f ti is its roll angle; h cb , h bt are the distances from mass centers of the car body and bogie frame to the secondary suspension; h c , h ti are the distances from mass centers of the car body and bogie frame to the track horizontal plane; d s is the half distance of secondary suspension in lateral direction, l c is the half of distance between bogie centers; R c is the curve radius at the car body center.
The vertical relative displacements in the primary suspension are expressed as:
where : ( )
where: z wj is the vertical displacement of wheelset; β ti is the rotation angle of truck around y axle; l t is the half of total wheelbase; f wj represent the wheelset roll angle; h ti , h wj are the distances from the mass centers of the bogie frame and wheelset to the track horizontal plane. The vertical forces of the primary and secondary suspensions are calculated by: where: k sz , k pz denote the vertical stiffness in the primary and secondary suspensions.
It is indicated in Eqs (7-9) that the asymmetries between the outer and inner vertical loads in the primary and secondary suspensions are mainly contributed by f c , f ti , f wj , Dθ wj and Dθ ti .
Load Characteristics of Suspension System Analysed with Quasi-Static Model

Quasi-Static Analysis Model of Load Bearing Behaviour
In order to highlight the influence of track twist on vertical load distributions in the suspension system, the quasi-static analysis method is used. In this section, taking the car body and bogie frame as the research objects, the load bearing characteristics of the suspension are investigated based on the quasi-static analysis method. When the locomotive runs on a curved track with a deficient superelevation, it will generally be pushed to the outer rail side due to the effect of unbalanced inertial centrifugal force. The vertical force acting on the outer rail presents an increasing tendency. In the locomotive system, the car body takes the major mass of the entire system, which contributes the maximum inertial centrifugal force. The force will directly impact the lateral movement and rolling motion of car body. Undoubtedly, the variation of car body motion will lead to the asymmetrical load bearing in the suspension systems, and then has an effect on the wheel load reduction.
In curves, the lateral motion of the car body is generally accompanied with its rolling motion. In order to analyse the load bearing behaviour of suspension system in the vertical direction, a simplified model is established, in which it is assumed that the car body has the lateral and roll motions and the bogie frame can only rotate around its x coordinate axis. The force conditions are shown in Fig. 3 . F gy is the unbalanced centrifugal force; M c and M t are the masses of car body and bogie frame, respectively.
Based on Eqs (6-8), the corresponding suspension forces are calculated as:
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where: g is the gravity acceleration.
The unbalanced centrifugal force acting on the car body is denoted as:
Then, the equilibrium equations of the system can be obtained as: 
Eq. (12) is a system of linear equations, which can be easily solved. Finally, the roll angles of the car body and bogie frame can be obtained as:
1 1 
Substituting Eqs (13-14) into Eq. (10), the vertical forces in suspension system can be calculated. It is clear that the properties of vertical load distributions in the locomotive suspension system are closely related to the railway geometry parameters. 
Analysis of Suspension Load Bearing Characteristics
In order to increase the utilization factor of adhesive weight, numbers of locomotives are equipped with rubber elements in its secondary suspension, which can provide larger vertical stiffness. Taking a heavy-haul locomotive as an example, the load bearing characteristics of the suspension system on curved track are analysed. The basic parameters of locomotive, which will be used in the simplified model, are listed in Table 1 . In the curve, its radius is 300 m, the superelevation of outer rail is 120 mm and the length of transition curve is 70 m. The superelevation and curvature in the transition curve section changes linearly along the track length. When the locomotive is running in the curve at a speed of 70 km/h, the superelevation is deficient. The SADs of the front and rear bogie frames are shown in Fig. 4 . It is indicated that as the whole locomotive system has entered into the transition curves, the SAD Dθ ti doesn't change with the distance increasing. It is due to the assumption of the linear variation of superelevation in transition curves. In the regions near the connecting points of tangent to spiral, spiral to curve, curve to spiral and spiral to tangent, the car body and bogie frame don't run on the transition curve or circular curve simultaneously so that the value Dθ ti varies distinctly within a short distance. The influences of Dθ ti on the vertical forces of the secondary suspension are also shown in Fig. 4 . It can be found that the outer and inner suspension forces for a certain bogie present an inverse changing law along the running distance. When the locomotive enters the transition curve, the SAD of front bogie (Dθ t1 ) is positive which leads to the compress of outer suspension and stretch of the inner suspension relative to the equilibrium position. As a result, the load of outer suspension increases and that of the inner suspension reduces. In the circular segment of the curve, the values of Dθ t1 and Dθ t2 are equal to zero and the vertical loads of suspension system are determined only by the roll angles of the car body and bogie frame. Under the action of unbalanced centrifugal force, the car body will roll toward outer rail, which causes the load increase in the outer suspension and load reduction in the inner suspension.
For the primary suspension loads F pz(L,R)j in Eq. (10), M c g and M t g are constants. The parameters, which affect these loads, are limited to Dθ wj and f ti . The sign and module of (Dθ wj -f ti ) reflect the dynamic variations of the primary suspension forces as well as the influence extent of the curve geometric parameters. Fig. 5 shows the SADs of wheelsets and roll angles of bogie frames.
At the entry of the transition curve, the vertical load of the outer secondary suspension increases. The front bogie frame has a negative roll angle and also the SAD at the first wheelset is positive (Fig. 5) . For the first wheelset, both of the two factors make the outer spring of the primary suspension compressed to a larger degree, which results in the load increase. Conversely, the inner spring of the primary suspension is stretched, which leads to the load reduction. For the second wheelset, the value of SAD is close to zero and the load bearing characteristics are determined by the roll angle of bogie frame. As for the third wheelset, its SAD at the gravity center is negative which will offset a part of the vertical suspension force produced by the negative roll angle of bogie frame. At the exit transition curve, the influences of wheelset SADs on the suspension loads are contrary. In addition, the load bearing characteristics of the rear bogie suspension have an inverse property compared with that of the front bogie. The detailed bearing states of the primary suspension are listed in Table 2 . Fig. 6 gives the calculated primary suspension loads in the curve. When the entire locomotive runs on the transition curves, the module |Dθ wj -f ti | agrees with Eqs (15-16). Among them, the values of |Dθ w1 -f t1 | and |Dθ w6 -f t2 | are maximum. It also can be found in Fig. 6 that the vertical forces of the primary suspension of the first and sixth wheelset are influenced most greatly, and they fluctuate drastically in the transition curve sections. The load bearing characteristics of primary suspension on the entry transition curve Variable information Dθ w1 > 0; f t1 < 0 Dθ w2 = 0; f t1 < 0 Dθ w3 < 0; f t1 < 0 Dθ w4 > 0; f t2 > 0 Dθ w5 = 0; f t2 > 0 Dθ w6 < 0; f t2 > 0 
Dynamic Characteristic of Wheel Load for Locomotive on Curve
Based on the theory and modelling method of vehicletrack coupled dynamics (Zhai et al. 1996 (Zhai et al. , 2009 (Zhai et al. , 2013 , a locomotive-track coupled dynamic model is established to study the dynamic characteristics of the wheel load in curves. The model consists of a locomotive and a track submodels, as shown in Fig. 7 . In the locomotive model, every rigid body has five Degrees Of Freedom (DOF) with the stiffness and damping parameters. In the ballast track model, the rail is simplified as an Euler beam with vertical, lateral and torsional DOFs. In addition, the rail vibration is resolved with the modal superposition method. For the sleeper, it is regarded as a rigid body, which also has vertical, lateral and torsional DOFs. The ballasts are simulated as discrete rigid masses with ver-tical DOF, and it is supported by the subgrade stiffness and damping. For the existing railway line, the track parameters used in this paper are listed in Table 3 . 
Influence of Superelevation Angle on Wheel Load Reduction
As analysed in Section 2.2, the SADs of the locomotive components on transition curves have an effect on the distributions of the vertical loads in the suspension system. According to the load transfer characteristics, the asymmetry will also be introduced to the dynamic wheel loads. With or without considering the SAD, the wheelrail vertical forces simulated by the locomotive-track coupled model are given in Fig. 8 . In this figure, F zL1 and F zR1 are the outer and inner wheel-rail vertical forces. It can be seen that the wheel-rail vertical forces on the entry and exit transition curves appear to be almost symmetrical about that on the circular curve (Fig. 8a) if the influence of SAD is not taken into account. In this condition, there is little difference between the values in circular curve and the values at the points of spiral to curve and curve to spiral. In case that the SAD is considered in the calculation process, the maximum and minimum values of the wheel-rail vertical forces can be obtained nearby the points of spiral to circular curve and circular curve to spiral (Fig. 8b) . Actually, the wheel-rail vertical forces are also related to wheel-rail creep state, wheel flange contact, track random irregularities, etc., and the effect of SAD on wheel-rail dynamic forces is more complicated.
Influence of Suspension Parameters on Wheel Load Dynamic Characteristics
For the same suspension parameters and line geometry parameters used above, the SADs of wheelset and bogie frame are the major factors affecting the wheel load dynamic characteristics. In China, a series of HXD locomotives have been developed and are in active service, Fig. 7 . Locomotive-track coupled dynamics model (side view)
Car body and among them the six-axle locomotive, which equips with the pull-rod axle box, takes up a high proportion. The primary suspension stiffness is mainly provided by the coil spring, which varies within a limited range. For the secondary suspension, there are two types of structural schemes including coil spring and rubber element. The difference of material and structure in the secondary suspension can produce a wide change range of the vertical stiffness. Furthermore, the curve conditions where the locomotive operates are also complex and various. In this section, the vertical stiffness, transition curve length and outer rail superelevation are selected as the study parameters to investigate their influence on the dynamic characteristics of the wheel load. In order to reveal the influences of the studied parameters, the track irregularities are not taken into account.
Taking the outer wheel-rail vertical force of the first wheelset in curves as example, the influences of these parameters are given below. Fig. 9 compares the wheel-rail vertical forces for the different vertical stiffness of the secondary suspension. With the increase of the vertical stiffness, the wheel loads in the circular curves are very close while the larger differences exist at the entry and exit transition curves. A bigger k sz produces a larger fluctuation amplitude of the wheel-rail vertical force.
Influences of the transition curve length and outer rail superelevation on wheel-rail vertical force are shown in Figs 10-11. It is indicated in Fig. 10 that a longer transition curve will decrease the fluctuation of dynamic wheel load. The essence of lengthening the transition curve is to reduce the gradient of superelevation angle variation along the curve length. For a certain distance between bogie centers, a longer transition curve results in a smaller SAD between the car body and bogie frame, which could alleviate the dynamic fluctuation of the wheel-rail vertical force. The reduction of outer rail superelevation can also change the wheel-rail vertical force (Fig. 11) . With a deficient superelevation for the locomotive in the curve, the reduction of the superelevation will increase the roll angles of the car body and bogie frame and the twist phenomenon can be improved simultaneously, so that the impacts of SADs on wheelrail vertical force are weakened.
The variations of superelevation and curve radius are the dominating factors, which produce the twist of track plane. In order to make the locomotive be able to negotiate a curve smoothly, the twist degree of track should be reduced and the appropriate suspension parameters need to be determined. It should be pointed out that for the vertical wheel-rail forces, a significant difference induced by the track vibration is above the frequencies >40 Hz (Zhai et al. 2009 ). However, the frequencies caused by the curve distortion in transition curve sections are in the low-frequency range far below 40 Hz. Therefore, the influence of track vibration is not obvious in the calculation results.
Field Test on Wheel Load of the Heavy-Haul Locomotive
In order to investigate the dynamic characteristics of wheel load for the locomotive, a test section was chosen in a curve with the radius of 300 m in the Chinese Taiyuan-Jiaozuo railway line. The superelevation of outer rail is 120 mm, and the length of transition curve is 70 m. The locomotive running on this line is a 23t axle load locomotive with C 0 -C 0 axle arrangement (Fig. 12) . The force sensors and the displacement sensors are installed at primary suspensions of the first and sixth wheelset in vertical direction. Meanwhile, in the vertical direction of the secondary suspension, the displacement sensors are fixed between the car body and bogie frames, as shown in Fig. 13 .
The relative displacements of the suspension points reflect the variations of vertical loads in suspension systems. Under the ideal conditions, the loads in the primary suspension of each wheel are equal to 1/12 of the total weight of the car body and bogie frames. With the compression or stretch of the suspension, the load increases or reduces. For the test results, the positive displacement of suspension system denotes the stretching spring, indicating that the vertical load is decreased. Conversely, the negative value reflects the compressing spring, which means an increase in the vertical load. Fig. 14 shows the actual dynamic displacement of the primary suspension at the first and sixth wheelset. When the locomotive enters and exits the transition curves, the outer displacement in primary suspension becomes from negative to positive, indicating that the suspension works from compressing state to stretching state correspondingly. The dynamic process of load increase and load reduction is distinctly observed. Moreover, the suspension displacements of sixth wheelset vary conversely relative to that of the front wheelset. The dynamic displacements of the secondary suspension are shown in Fig. 15 . The measured data agree well with the simulation results in Section 2, verifying the correctness of the theoretical dynamic model. The asymmetric loads in suspension systems determine the dynamic characteristics of wheel load. In order to illustrate the wheel load dynamic property by simulation and field test simultaneously, the wheel-rail forces are also calculated by the locomotive-track coupled model established in Section 3. The input excitation is the random irregularities converted from Chinese mainline spectrum (Zhai et al. 2009) , and other operation conditions for simulation keep the same as those of the field test. The measured and simulated wheel-rail vertical forces are compared in Figs 16-17 . Under the excitation of track irregularities, the wheel-rail vertical forces fluctuate greatly and their local maximum values partly depend on the track excitation. However, the overall changing trends of these forces are clear. The simulated and measured results indicate that the outer wheel load of the first wheelset reduces at the exit transition curve, and the outer wheel load of the sixth wheelset has a reduction at the entry curve. The simulated and measured results coincide well with each other, verifying the correctness of the proposed theoretical dynamic model.
In summary, the established quasi-static model can reflect the dynamic load characteristics of the suspension system of the locomotive, which negotiates a curved track. The simulated results based on the locomotivetrack coupled dynamic model are closed to that of the field test. In addition, the influence of SADs on wheel load in sections of transition curves should be paid much more attention to. Because if the wheel-rail lateral force does not change, a reduction in wheel load will lead to the increasing in derailment coefficient, which means the running safety of locomotive is deteriorated.
Conclusions
A quasi-static model of the six-axle heavy-haul locomotive is established to investigate the vertical load asymmetry of suspension system in the outer rail side and inner rail side on curve. For analysing the wheel load variations in the same running conditions, the coupled model of locomotive and ballasted track is applied. The simulation results have been validated in a field experiment. The detailed conclusions are drawn as follows: 1) For a locomotive on the curved track, the values of SADs between the bogie frames and car body can significantly affect the load distributions in the secondary suspension system. A plus SAD may lead to the load increase of outer suspension, while a minus SAD results in the load reduction. From the entry to the exit transition curves, the SAD value of a certain bogie varies between positive and negative, which causes the inverse load transfer characteristics. 2) The changing rules of wheel load and primary suspension force in the vertical direction on a curve are mainly determined by the SADs between the bogie frames and wheelsets as well as them between the car body and bogie frames. The wheel loads in the first and sixth wheelsets are affected most obviously by the SADs. 3) Both of the track geometry and locomotive suspension parameters have significant impact on the load distributions in the heavy-haul locomotive system, and they should be considered synthetically for improving the locomotive dynamic performance. Wheel/rail vertical force [kN] 
